The present study investigated the effect of supplementing a diet containing 5 % soybean oil, which provided 30 g/kg of polyunsaturated fatty acids (PUFAs), with two levels of vitamin E (30 or 60 mg/kg, as-is basis) in combination with two levels of selenium (0.15 or 0.30 mg/kg, as-is basis) on hen performance, the fatty acid profile and antioxidant status of the yolk. A 12-week study was performed on 32 Lohmann Brown hens with 8 birds in each group.
Introduction
The group of dietary factors known to affect the chemical composition and nutritional value of eggs (Naber 1979 ) includes lipids, fat-soluble vitamins and minerals, which can be easily modified through diet modification. Poultry diets are often supplemented with vegetable oils to increase their energy density and the concentrations of polyunsaturated fatty acids (PUFAs), in particular n-3 PUFAs, in the final product (Grashorn 2005 , Bou et al. 2009 ). Lipids are the major constituents of the egg yolk (Ahn et al. 1997 ) and the composition and stability of the lipid fraction affects the quality and sensory properties of eggs (Franchini et al. 2002) .
Poultry diets with an increased vegetable oil content should be supplemented with antioxidants which provide protection to both birds and poultry products including meat and eggs (Barroeta 2007) . Numerous experiments have shown that increased PUFA concentrations in eggs enhance lipid peroxidation (Grashorn 2005 , Mohiti-Asli et al. 2008 , thus deteriorating the sensory properties and overall quality of eggs (Hayat et al. 2010) . Therefore, PUFA-rich poultry diets should contain increased levels of antioxidants, in particular vitamin E. In many experiments, the effects of different dietary vitamin E levels from 100 to 200 mg/kg and more (Cherian & Sim 1997 , Kirunda et al. 2001 , Franchini et al. 2002 , Grobas et al. 2002 , Sahin et al. 2006 , Hayat et al. 2010 , were evaluated in laying hens in view of various dietary factors especially PUFA concentrations in the ration. According to Barroeta (2007) , when the polyunsaturation level is low (15 g of PUFA/kg), 60 mg of dietary α-tocopherol per kg of feed is necessary to assure lipid stability, whereas at a high level of dietary PUFAs (30 g/kg) 200 mg of α-tocopherol per kg of feed are necessary. Such a recommendation is controversial due to the high cost of supplemental vitamin E.
The application of highly bio-available sources of dietary selenium can reduce vitamin E levels in the diet. In a number of experiments where selenium doses ranged from 0.1 to 0.3 mg/kg (Paton et al. 2000 , Grobas et al. 2002 , Pál et al. 2002 , Pappas et al. 2005 ) and more (Payne et al. 2005 , Haug et al. 2007 , Chantiratikul et al. 2008 , Mohiti-Asli et al. 2010 , the vitamin E content of the diet was 10-60 mg/kg. This indicates that the optimum ratio of these antioxidants in the diet of laying hens remains unknown.
The aim of this study was to determine the effect of supplementing a diet containing 5 % soybean oil, which provided 30 g/kg of PUFAs, with two levels of vitamin E (30 or 60 mg/kg) in combination with two levels of selenium (0.15 or 0.30 mg/kg) on egg production, the physicochemical properties, antioxidant capacity and sensory properties of eggs.
Mat erial and methods

Birds and diets
The experimental materials comprised 32 Lohmann Brown laying hens aged 18 to 30 weeks. Before starting the experiment, all birds were weighed individually and divided into four experimental groups (eight replications per group). The hens were kept in battery cages with two birds per cage (30 cm × 60 cm) under controlled environmental conditions and with 14 h lightness and 10 h darkness per day. All birds had free access to feed and water. The experimental procedure was approved by the Local Animal Experimentation Ethics Committee in Olsztyn.
One basal iso-protein and iso-energetic diet (Table 1) , whose nutritional value was consis tent with NRC (1994), was used. The basal diet without vitamin E and selenium was supplemented with two different levels of vitamin E and two different levels of selenium to obtain four experimental diets: S 0.15 E 30 (supplemented with 0.15 mg selenium and 30 mg vitamin E per kg, as-is basis), S 0.15 E 60 (supplemented with 0.15 mg selenium and 60 mg vitamin E per kg, as-is basis), S 0.30 E 30 (supplemented with 0.30 mg selenium and 30 mg vitamin E per kg, as-is basis) and S 0.30 E 60 (0.30 mg selenium and 60 mg vitamin E per kg, as-is basis). Alkosel and tocopheryl acetate were used as sources of selenium and vitamin E, respectively. The fatty acid composition of the basal diet and soybean oil is shown in Table 2 . Composition of the mineral-vitamin premix: vitamin A -2 400 000 IU, vitamin D3 -600 000 IU, vitamin E -0.0 mg, vitamin K -1 000 mg, vitamin B1 -600 mg, vitamin B2 -2 400 mg, vitamin B6 -1 000 mg, vitamin B12 -6 mg, folic acid -400 mg, biotin -60 mg, nicotinic acid -10 000 mg, calcium pantothenate -2 600, Mn -24 g, Zn -20 g, Fe -10 g, Cu -2 g, J -400 mg, Se -0 mg, Co -30 mg, phytase -750 FTU Egg production was monitored for ten weeks after a two-week adjustment period. The follow ing indices of productive performance were determined: feed intake, number of eggs laid, initial and final body weights of hens, average egg weight and feed conversion ratio (calculated as kg feed intake per kg eggs laid). Towards the end of the experiment, 12 eggs from each group were picked to determine their chemical composition and physicochemical properties and 12 eggs were collected for a sensory evaluation. The eggs were weighed and broken to determine the ratio of yolk to albumen and yolk colour on the Roche scale (yolk colour fan). 
where H is albumen height (mm) and W is egg weight (g). 
Chemical analysis
The content of dry matter and fat in the egg yolk was determined using official methods of analysis 934.01 and 930.09, respectively, of the Association of Official Analytical Chemists (AOAC 2005). Lipid-soluble antioxidative capacity (ACL) in yolk samples was determined using the Analytik Jena Photochem system (Analytik Jena AG, Jena, Germany). The ACL of the sample was quantified by comparison with a standard (construction of a calibration curve using Trolox) and was expressed in corresponding equivalent concentration units. The selenium content of the lyophilized yolk was determined by electrothermal atomic absorption spectrometry at the Institute of Agricultural and Food Biotechnology in Warsaw, using a Varian SpectrAA 880Z spectrophotometer (Varian, Palo Alto, CA, USA) after sample mineralization with HNO3 in the Microwave Accelerated Reaction System CEM Mars 5 (CEM GmbH, Kamp-Lintfort, Germany) (Jędrzejczak et al. 1999) . Retinol and tocopherols were measured in the egg yolk according to the method proposed by Rettenmaier & Schüep (1992) .
The concentrations of fatty acids in the yolk were determined in fresh eggs. Fat was extracted from samples by the Soxhlet method. Four or five drops (50-60 mg) of extracted fat were transferred to 2 cm 3 ampoules, 1.5 cm 3 of a methanol-chloroform-concentrated sulphuric acid (100 : 100 : 1 v/v) mixture were added and the ampoules were sealed by melting their tops with an open flame. Sealed vials were placed in a dryer at 80-90 °C and were heated for 2-3 h. During heating, the ampoules were shaken every 15 min. After solvent evaporation and ampoule cooling, 0.5-1 ml of hexane was added to each sample and thoroughly mixed. The resulting fatty acid methyl esters (FAMEs) were analysed using a Varian CP-3800 gas chromatograph (Varian, USA) with flame-ionization detection. Fatty acid methyl ester were injected at 225 °C, separated on a capillary column (50 m, 0.25 mm, 0.25 μm; Varian, USA) using a temperature gradient programme (3 min at 50 °C, from 50 ° to 200 °C in 40 min) and detected via flame-ionization at 250 °C. The peaks of fatty acids were identified by comparing their relative retention times with those of individual FAME reference standards (Supelco, Sigma Aldrich group) diluted in hexane (1 : 1, 1 : 2, 1 : 3, 1 : 4 v/v). The percentaged content of fatty acids and the total pool of PUFAs, including n-3 PUFAs (C18:3n-3, C20:5n-3 C22:5n-3 and C22:6n-3) and n-6 PUFAs (C18:2n-6, C20:2n-6, C20:4 n-6), were determined by relative fatty acid quantification and % of the total fatty acid peak area was calculated.
Sensory evaluation
A six-member trained panel (ISO 8586-2:1994) experienced in a descriptive analysis of differ ent food products and familiarized with the sensory quality of eggs performed the assessments. The assessments were carried out at a sensory laboratory room in individual booths equipped with a computerized system for data collection and processing (FIZZ, Biosystemes, Counternon, France) as described elsewhere (Horszwald et al. 2009 ). The laboratory room fulfilled the requirements of the ISO standard (ISO 8589:1998) .
For a sensory evaluation, eggs were cooked in boiling water for 12 min, cooled to an external temperature of about 20 °C, shelled and cut in half. The samples were presented in random order to the assessors from three-digital coded transparent plastic containers covered by lids. Together with the samples, the panellists received a cup of spring water at room temperature for cleaning their palates.
A quantitative descriptive analysis (QDA) was used to determine the sensory characteristics of the samples. The panellists, together with the panel leader, established the descriptions of the main sensory attributes of eggs using a standard procedure (ISO/DIS 13299:1998) . Nine attributes related to the colour, aroma, taste and mouth feel (adhesiveness) of eggs were selected and thoroughly defined for profiling. The panellists evaluated the intensity perceived for each of the attributes on a continuous unstructured graphical scale. The scale was 10 cm long and verbally anchored at each end. The left side of the scale corresponded to the lowest intensity and the right side to the highest intensity of the attribute. The results were automatically converted to numerical values (from 0 to 10 units) by a computer. All samples were evaluated in three replications (three sessions) preceded by an introductory session.
Statistical analyses
The STATISTICA software package v. 8.0 (StatSoft Corp., Cracow, Poland) was used to de termine whether variables differed among treatment groups. A two-way ANOVA was performed to assess the effects of the supplementation level of vitamin E (30 and 60 mg/kg of diet), the supplementation level of selenium (0.15 and 0.30 mg/kg of diet) and the interaction between vitamin E and selenium dosages (Vitamin E×Se). When the ANOVA indicated significant treatment effects, means were separated using Duncan's multiple range test. In the tables, results are presented as mean values with pooled standard errors. Data were checked for normal distribution before the statistical analysis was performed. Differences were considered to be significant at P≤0.05. In the case of the sensory analysis, the data were analysed by the one-way ANOVA statistic module.
Results
In the basal diet given to all experimental groups, PUFAs accounted for 45.3 % of total fatty acids ( Table 2 ) and their levels were lower than PUFA concentrations in soybean oil (58.0 %) which was added to the diet.
Diet supplementation with selenium and vitamin E had no influence on the body weights of hens, the number of eggs laid, average egg weight and feed conversion ratio (Table 3) . Different dietary levels of selenium and vitamin E had no significant effect on the yolk to albumen ratio and egg protein quality (HU). The two-way ANOVA showed that an increased selenium content of diets reduced the intensity of yolk colour (P=0.019), while supplemental vitamin E had no impact on this trait (Table 4) .
Dietary treatments affected the fatty acid profile of yolk lipids (Table 5 ) and the dif feren ti ating factor was selenium content. A higher selenium content of diets significantly increased the concentrations of C18:3n-3 (P=0.001) and C22:5n-3 (P=0.004) and decreased the percentage amounts of C18:2n-6 (P=0.015) and C20:4n-6 (P=0.025) in the total fatty acid pool. As a result, the yolks of eggs laid by hens fed diets with increased selenium levels had a higher n-3 PUFA content (P=0.001), a lower n-6 PUFA content (P=0.009) and a lower n-6/n-3 fatty acid ratio (P=0.001). A significant interaction between the experimental factors was noted for C22:5n-3 (P=0.031) and total unsaturated fatty acids (P=0.033). Higher levels of both antioxidants significantly increased the concentrations of C22:5n-3. A higher content of selenium or vitamin E in diets increased the total unsaturated fatty acid pool which was not affected by the inclusion of both antioxidants in diets.
An increase in the selenium content of diets led to a significant (P=0.008) increase in selenium concentration in the yolk (Table 6 ). The levels of retinol and α-tocopherol in the yolk increased in response to feeding supplemental selenium (P=0.010 and 0.001, respectively) and vitamin E (P=0.004 and P=0.001, respectively). Different dietary selenium levels had no effect on ACL, whereas a higher vitamin E content of diets significantly increased ACL values (P=0.028).
A QDA employed in a sensory evaluation elicited nine attributes as follows: one for yolk colour, three for aroma, four for taste and one for mouth feel. The mean sensory ratings for the samples and the analysis of variance are presented in Table 7 . The ANOVA showed that there were no significant differences in the intensity of the analysed attributes. The mean values of samples show that the sensory profiles of eggs were highly similar with respect to the intensity of all analysed attributes. In all samples, the dominant sensory notes were positive such as egg-like aroma and egg-like taste. Table 5 Effect of dietary selenium and vitamin E level on fatty acids (% of the total fatty acid peak area) of yolk lipids Se: selenium, E: vitamin E, Se × E2: interaction Se × vitamin E level, UFA: unsaturated fatty acid (MUFA+PUFA), n-3 PUFA: C18:3+C20:5+C22:5+C22:6, n-6 PUFA: C18:2+C20:2+C22:4, ab Means in the same column without common superscripts differ significantly at P≤0.05 
Discussion
A natural consequence of vegetable oil supplementation of poultry diets is an increase in the percentaged amounts of PUFAs in the total fatty acid pool (Grashorn 2005 , Barroeta 2007 , Bou et al. 2009 ). In our experiment, the concentration of PUFAs in the basal diet was 45.3 %, because the added soybean oil was diluted with lipids from grain and soybean. The dose of PUFAs added to the diet with soybean oil was about 30 g/kg and such an amount of PUFAs requires high antioxidant protection (Barroeta 2007 ). In the current experiment, an increase in the content of vitamin E and selenium in hen diets from 30 to 60 mg/kg or/and from 0.15 to 0.30 mg/kg, respectively, had no effect on the number of eggs laid, average egg weight, the yolk to albumen ratio and the fat content of yolk. Our results corroborate the findings of other authors who demonstrated that egg production and egg weight are insignificantly affected by the dietary levels of vitamin E (Melluzii et al. 2000 , Grobas et al. 2002 , Mohiti-Asli et al. 2010 ) and selenium (Jiakui & Xiaolong 2004 , Chantiratikul et al. 2008 , Mohiti-Asli et al. 2010 ). In the experiments cited above, supplemental antioxidants had no effect on yolk weight relative to the total egg weight. In another experiment (Skřivan et al. 2006) , egg yolk weight was lower in groups of laying hens fed diets supplemented with organic selenium as compared with mineral selenium.
In the present study, an increase in the vitamin E content of hen diets from 30 to 60 mg/kg increased the concentrations of α-tocopherol and retinol in the yolk and significantly increased ACL values but it did not affect the fatty acid profile of yolk lipids.
The observed increase in vitamin E concentrations in the yolk was consistent with the results of other experiments (Grobas et al. 2002 , Scheideler et al. 2010 , while the increase in retinol concentrations was more pronounced than that reported by other authors. Pál et al. (2002) demonstrated that supplemental vitamin E increased vitamin A concentrations in the egg yolk when added to hen diets at 30 mg/kg, but diet supplementation with 60 mg vitamin E significantly decreased yolk retinol concentrations. The authors of previous studies (Abawi et al. 1985 , Bárdos et al. 1996 also noted that low and moderate doses of vitamin E more effectively increased the retinol content of the yolk than high doses.
In our study, higher dietary levels of vitamin E increased ACL values, which is consistent with the findings of other authors (Puthpongsiriporn et al. 2001) who expressed the an ti oxi dant effect of increased vitamin E doses in terms of a reduction in thiobarbituric acid (TBA) values, as an indicator of lipid peroxidation. In an experiment where laying hens were fed diets supplemented with pumpkin seed oil, thiobarbituric acid reactive substances (TBARS) values increased in eggs relative to the control group, if the oil was fed together with 30 mg/kg vitamin E and decreased when vitamin E dose was increased to 60 mg/kg (Pál et al. 2002) . A substantial increase in vitamin E concentrations in the diet from 100 to 200 μg/g did not affect TBARS values in fresh and refrigerated eggs (Franchini et al. 2002) .
In the present study, the fatty acid profile of yolk lipids was not influenced by increased dietary levels of vitamin E. Meluzzi et al. (2000) found that different doses of dietary vitamin E (0, 50, 100 and 200 mg/kg) slightly affected the fatty acid composition of the yolk. In an experiment performed by Cherian et al. (1996) , dietary tocopherols resulted in a significant increase (P<0.05) in the content of C20:5n-3 and C22:6n-3 in the yolk, most probably due to the beneficial effect of tocopherols on n-3 fatty acid synthesis via desaturation of n-6 PUFAs.
In other studies (Cortinas et al. 2004 , the inclusion of supplemental vitamin E in broiler chicken diets had no influence on the fatty acid profile of meat.
In the present study, an increase in the selenium content of hen diets from 0.15 to 0.30 mg/kg significantly increased the concentrations of selenium, α-tocopherol and retinol concentrations in eggs and increased the percentage amount of n-3 PUFAs, thus increasing the concentrations of C18:3n-3 and C22:5n-3 and decreasing the concentrations of C18:2n-6 and C20:4n-6 in the total fatty acid pool.
Our results corroborate the findings of other authors who demonstrated that diet supple mentation with selenium increased the content of this element in the yolk (Pappas et al. 2005 , Chantiratikul et al. 2008 , Scheideler et al. 2010 and modified the concentrations of selected fatty acids in poultry products including an increase in C22:6n-3, a decrease in C20:4n-6 in the yolk (Pappas et al. 2005) and an increase in the concentrations of longchain n-3 fatty acids, EPA (20:5), DPA (22:5) and DHA (22:6) in broiler chicken meat Haug et al. (2007) . The main factor decreasing C20:4n-6 levels could be a selenium-dependent increase in the activity of glutathione peroxidase and enhanced biosynthesis of prostaglandins with the involvement of precursors including arachidonic acid (Hong et al. 1989) .
In our experiment, the intensity of yolk colour decreased in response to selenium addition, which is difficult to explain because antioxidants delay or prevent the oxidation of carotenoid pigments contained in feed (Mohiti-Asli et al. 2010) . The results of studies investigating the effects of feeding supplemental antioxidants to laying hens on yolk colour are, however, inconclusive. In one experiment, selenium and vitamin E levels did not affect egg yolk colour (Mohiti-Asli et al. 2008) , while in another study the addition of vitamin E (20 and 40 mg/kg) to hen diets reduced yolk colour intensity in comparison with the control group (Ell-Mallah et al. 2011) .
In the present study, a higher selenium content of diets had no effect on ACL values. Feeding organic selenium to turkeys decreased the levels of TBARS in the yolk . In other experiments, increased dietary selenium levels affected neither the total antioxidant status of leg muscles in broiler chickens (Haug et al. 2007 ) nor the antioxidant properties of turkey seminal plasma (Słowińska et al. 2011) .
In the present experiment, a significant interaction between vitamin E and selenium levels was noted for C22:5n-3 and total unsaturated fatty acids. Similar results were obtained in previous experiments: dietary tocopherols resulted in a significant increase in the content of C20:5n-3 and C22:6n-3 in the yolk (Cherian et al. 1996 , Cherian & Sim 1997 and high intake of organic selenium resulted in increased concentrations of C22:6n-3 in the egg yolk (Pappas et al. 2005) and increased concentrations of long-chain n-3 fatty acids in broiler chicken meat (Haug et al. 2007) . The above could be due to a beneficial influence of dietary tocopherols on n-3 fatty acid synthesis via desaturation of n-6 PUFAs (Cherian et al. 1996) and a direct effect of selenium on the activity of glutathione peroxidase and biosynthesis of prostaglandins with the involvement of precursors including n-3 fatty acids (Hong et al. 1989) .
The QDA used in the present experiment for a sensory evaluation of eggs is a sophisticated tool employed to study a variety of food products (Stone & Sidel 1993 , Lawless & Heymann 1999 . No significant differences in the sensory properties of eggs including appearance, aroma, taste and texture were observed between groups. The sensory attributes of eggs were not affected by dietary antioxidants in other experiments where hen diets were supplemented with vitamin E (Parpinello et al. 2006) , vitamin E and butylated hydroxytoluene (Hayat et al. 2010) or vitamins E and C (Franchini et al. 2002) . In a study by Haug et al. (2007) , supplemental selenium fed to broiler chickens had no effect on the sensory quality parameters of muscles, which could suggest that the sensory properties of poultry products are not affected by dietary antioxidants.
It can be concluded that laying hens' diets with a high PUFA content (about 30 g/kg) and different levels of vitamin E (30 or 60 mg/kg, as-is basis) and selenium (0.15 or 0.30 mg/kg, asis basis) have no effect on egg production and the physicochemical and sensory properties of eggs, but higher levels of the antioxidants increase the concentrations of vitamin E, selenium and retinol in the yolk. Higher concentrations of vitamin E increase ACL values, higher concen tra tions of selenium improve the n-6/n-3 PUFA ratio and both antioxidants increase the con cen tra tion of C22:5n-3 in the yolk.
